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Hair Cycle Resting Phase Is Regulated by Cyclic
Epithelial FGF18 Signaling
Miho Kimura-Ueki1,2, Yuko Oda1,2, Junko Oki1, Akiko Komi-Kuramochi1, Emi Honda1, Masahiro Asada1,
Masashi Suzuki1 and Toru Imamura1
Hair follicles repeatedly cycle through growth (anagen), regression (catagen), and resting (telogen) phases.
Although the signaling molecules involved in the anagen and anagen–catagen transition have been studied
extensively, the signaling that controls telogen is only partly understood. Here we show that fibroblast growth
factor (Fgf)18 is expressed in a hair stem cell niche throughout telogen, and that it regulates the hair cycle
through the non-growth phases. When the Fgf18 gene is conditionally knocked out in keratin 5-positive
epithelial cells in mice, telogen becomes very short, giving rise to a strikingly rapid succession of hair cycles. In
wild-type mice, hair follicle growth during anagen is strongly suppressed by local delivery of FGF18 protein. Our
results demonstrate that epithelial FGF18 signaling and its reduction in the milieu of hair stem cells are crucial
for the maintenance of resting and growth phase, respectively.
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INTRODUCTION
The hair cycle is dependent on cyclic activation and silencing
of hair stem cells, and involves the proliferation, differen-
tiation, and apoptosis of a variety of hair-forming cells, all of
which is regulated by a network of signaling molecules.
Although the signaling molecules involved in the growth
(anagen) phase and regressing (catagen) phase transition
(He´bert et al., 1994; Suzuki et al., 2000) have been
extensively studied, the signaling that controls the resting
(telogen) phase has only recently begun to be understood.
Bone morphogenetic protein (BMP) signaling was shown to
support the early refractory stage of telogen (Plikus et al.,
2008), and it was further proposed that macro-environmental
BMP ligands and Wnt antagonists, such as DKK1 and SFRP4,
act collectively to keep hair follicle stem cells in a quiescent
state during this refractory telogen (Plikus et al., 2011). In that
model, loss of these Wnt antagonists during the subsequent
long, competent stage of telogen enables spontaneous, low-
frequency Wnt activity within the dermal papilla, but in order
to stimulate adjacent stem cells and to induce sponta-
neous telogen-to-anagen activation events, a probabilistic
occurrence of large groups of simultaneously Wnt-active
dermal papillae is necessary (Plikus et al., 2011). BMP6 was
found to be preferentially expressed in hair bulge cells along
with FGF18; the expression of both Fgf18 and Bmp6 was
significantly upregulated in the supra-basal compartment of
the bulge stem cells (Blanpain et al., 2004). Another study
showed that Fgf18 was expressed in dermal papilla cells,
and that its expression level was high during early telogen and
low during late telogen (Greco et al., 2009). Both FGF18
and BMP6 were shown to slow keratinocyte growth without
inducing terminal differentiation. From these in vitro results,
it has been hypothesized that these activities place bulge
stem cells in a quiescent state (Greco et al., 2009). The
function of Fgf18 gene in the cutaneous system in vivo had
been uncharacterized. We previously reported that Fgf18
mRNA is strongly expressed in the telogen hair follicles
of 56-day–old C3H/HeN mice, and that the Fgf18 mRNA–
expressing cells are located in the lowermost bulge region
(Kawano et al., 2005). In the course of our examination of
the activity of FGF18 in hair cycle regulation, we found
contrasting pharmacological effects of FGF18 protein on hair
growth, depending upon the hair cycle stage of the recipient
animal. When FGF18 was delivered subcutaneously during
anagen, matrix cell proliferation was immediately inhibited,
and hair follicle growth was strongly suppressed (described
in this paper). By contrast, when FGF18 was subcutaneously
administered during telogen, it had no immediate effect,
but after a prolonged period of variable length (3–8 weeks),
hair growth occurred in these mice earlier than in the control
mice that had received phosphate-buffered saline (Kawano
et al., 2005; also described in this text). In view of these
contrasting pharmacological effects of FGF18, it was
important to gain further insight into the physiological
importance of the FGF18 in the regulation of hair cycle.
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To accomplish that, we generated genetically engineered
mice in which Fgf18 gene was conditionally knocked out in
keratin-positive cells.
RESULTS AND DISCUSSION
Strong Fgf18 expression throughout telogen phase
Here we show that FGF18 protein is associated with cells in
the telogen bulge region (Figure 1a and Supplementary
Figures S1 and S2 online), a hair stem cell niche, although
some epidermal basal layer cells also weakly express FGF18
(Figure 1a). In hair germ cells and dermal papilla cells, FGF18
is detected only weakly or hardly at all (Figure 1a). This is
consistent with a previous finding that Fgf18 is strongly
downregulated in hair germ cells, as compared to bulge cells
(Greco et al., 2009). The FGF18-positive cells are also
positive for keratin 15, a protein preferentially expressed in
the bulge region (Liu et al., 2003). Furthermore, FGF18 and
CD34 colocalize in the bulge (Supplementary Figures S3
online). This confirms that FGF18 is, indeed, expressed
within the hair stem cell niche. Although dermal papilla cells
reportedly express more Fgf18 mRNA in early telogen than in
late telogen phase (Greco et al., 2009), our results suggest
that the absolute protein level of FGF18 in the dermal papilla
is low compared to bulge cells.
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Figure 1. Fgf18 expression in hair follicles is strictly associated with the catagen and telogen phases of the hair growth cycle in wild-type mice. (a) Localization
of FGF18 protein in telogen hair follicles. A section of mouse telogen skin (56-day–old C3H/HeN male) was immunostained for FGF18 and keratin 15. Nuclei
were stained with 40,6-diamidino-2-phenylindole (DAPI). The brackets indicate FGF18-positive bulge cells. The arrow and arrowhead indicate hair germ cells
and dermal papilla cells, respectively. The same specimen observed at different magnifications is shown in the upper and lower sets of the photographs.
Bar¼50 mm. Fgf18 mRNA expression in skin (b) during hair follicle morphogenesis and the first physiological hair cycle, (c) during the pluck-induced
second hair cycle, and (d) during the third hair cycle is shown. Also shown are absolute Fgf18 mRNA copy numbers in full-thickness dorsal skin. The bars
on the top indicate the phase of hair cycle. A, anagen (growth phase); C, catagen (regression phase); M, hair follicle morphogenesis; MC, morphogenesis
catagen; MT, morphogenesis telogen; and T, telogen (resting phase). Each value represents the mean of triplicate samples. (c) Anagen of the second hair cycle
was induced by plucking the dorsal club hairs of 56-day–old C3H/HeN male mice in a dorsal region (Kawano et al., 2004). (d) Mice treated as in c were kept
until the hair follicles were synchronized in telogen at 91 days of age. The club hairs were then plucked to induce the anagen of the third hair cycle. (e) A large
fraction of FGF18-expressing cells were removed together with the plucked hairs. The polyA RNA was isolated from the dorsal skin of 56-day–old
C3H/HeN male mice synchronized in telogen before (total) and immediately after depilation (depilated). Values represent means±standard deviation
(SD) of the results from three mice. Three separate experiments yielded similar results. ***Po0.001. Fgf, fibroblast growth factor.
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The cognate receptors for FGF18 are FGFR3c and FGFR4
(Zhang et al., 2006). We previously found that Fgfr3 mRNA
was expressed at a high level both in telogen and anagen skin
(approximately 18,000–22,000 copies per ng polyA RNA;
Kawano et al., 2005). Immunostaining of FGFR3 protein
revealed that it is strongly expressed in the telogen bulge cells,
outer root sheath cells, basal layer epidermal cells, and dermal
papilla cells (Supplementary Figure S4a, b, c, and d online).
Within bulge cells, FGFR3 protein was dominantly detected in
the nuclear/perinuclear region and, to a lesser degree, in the
cytosol, which we confirmed using two validated antibodies
and two different visualization methods: immunohistochem-
istry (Supplementary Figure S4a-d online) and immunofluores-
cence analyzed using a confocal microscope (Supplementary
Figure S4e-h online). Within basal layer cells and outer root
sheath cells, FGFR3 protein was dominantly detected in the
cytosol and, to a lesser degree, in the nuclear/perinuclear
region (Supplementary Figure S4i-p online). Although the
biological significance of the nuclear/perinuclear localization
is not completely understood, nuclear localization of FGFR3
in multiple breast epithelial cells (Johnston et al., 1995) and
activation-induced perinuclear localization of FGFR3 (Ben-Zvi
et al., 2006) have been reported, suggesting that FGFR3
signaling might be active in those cells.
C3H/HeN mice develop coat hairs approximately 1 week
after birth as a result of hair follicle morphogenesis (Mu¨ller-
Ro¨ver et al., 2001). We quantified mRNA expression in full-
thickness dorsal skin samples obtained from mice of various
ages. As shown in Figure 1b, Fgf18 mRNA was expressed
only weakly during hair follicle morphogenesis, but when the
follicles entered morphogenesis catagen and telogen, Fgf18
mRNA was strongly expressed. The expression level declined
in the subsequent anagen of the first hair cycle, and increased
again in the following catagen and telogen. Then, synchro-
nized anagen was induced by plucking the club hairs (Figure
1c, arrowhead). This elicited an immediate decline in Fgf18
mRNA, which remained low throughout anagen. Fgf18
mRNA expression then increased during catagen and telogen,
reaching its highest level at 92 days, and was sustained at
a high level for long as telogen continued in mice, observed
up to 188 days (Figure 1c). The association of strong Fgf18
expression with catagen and telogen was further confirmed in
the third hair growth cycle, which was induced in a separate
group of animals by club hair plucking on day 35 of the
second hair cycle (91 days old; Figure 1d). Thus, strong Fgf18
mRNA expression is strictly associated with catagen and the
entire telogen phase. Consistent with the mRNA expression, a
strong FGF18 protein signal was detected in the bulge region
during telogen (Supplementary Figure S2 online).
Fgf18 knockout mice display shortened telogen
To gain insight into the function of FGF18 in the regulation of
the hair growth cycle, we examined the effects of deleting
this gene. Because conventional Fgf18 knockout is perinatally
lethal (Ohbayashi et al., 2002), we generated C57BL/6-
K5Cretg; Fgf18flox/flox mice (or Fgf18 conditional knockout
(cKO) mice), in which Cre recombinase was used to
selectively knock out the Fgf18 allele containing exon 3,
resulting in depletion of the mature FGF18 protein in keratin
5-positive cells (Supplementary Figure S5 online). The Fgf18
cKO mice were fertile and appeared to be in good health.
Levels of Fgf18 mRNA in the telogen skin in these mice,
assessed based on the presence of the exon 3-coded
sequence, were o2% of the levels in wild-type mice
(Supplementary Figure S6a online). It was also confirmed
by western blotting that mature FGF18 protein was dimin-
ished in the hair bulb of the Fgf18 cKO mice (Supplementary
Figure S6b online). These mice showed an abnormally
smooth transition through the hair cycle phases, as compared
to the normal phenotype of control mice, which were
affected by ‘‘hair cycle domains’’ containing populations of
hair follicles cycling in a coordinated manner (Plikus et al.,
2008) (Figures 2 and 3). Figure 2a shows a representative
Fgf18 cKO mouse and a heterozygous littermate (C57BL/6-
K5Cretg; Fgf18þ /flox) at age 32 days and later. Each
photograph was taken after the newly grown dorsal hairs
were trimmed short. At age 32 days, the dorsal hair follicles
of both mice were in the first physiological anagen (blackish
skin). At 37 days, the neck regions of both mice entered
telogen (pinkish skin), and at 40 days, all of the dorsal
follicles were in telogen. In Fgf18 cKO mice, the next anagen
quickly started at 47 days (bluish skin). The changes in hair
cycle phase were further verified by histochemical examina-
tion of skin sections from individual mice (Figure 2b and
Supplementary Figure S7 online). By contrast, telogen
continued for a longer period in the heterozygous littermates,
and for a much longer period in the wild-type mice (Figures
2a, b, d, and e and Supplementary Figures S7 and S8 online).
The dorsal hair growth waves seen in Fgf18 cKO mice
smoothly progressed posteriorly from the neck region (Figure
2c, left), making it possible to describe the general trend of
the hair cycle phase transition. We analyzed multiple Fgf18
cKO mice and characterized the transition of the hair cycle
phase (anagen or telogen for simplicity) of the dorsal hair
follicles histologically (for mice younger than 30 days old) or
by the skin color, as well as the weekly hair growth in the
region located about 1 cm posterior to the ear-to-ear line (the
square in the left mouse in Figure 2c; the hair cycle phase in
an individual mouse is shown in Supplementary Figure S8
online). The summarized results are plotted as a function of
mouse age in Figure 2d. Whereas the morphogenesis and the
first hair cycle in Fgf18 cKO mice took place in approxi-
mately the same time frame as in wild-type mice, each
telogen thereafter (Figure 2d, marked by asterisks *1, *2, and
*3) lasted only a week or so (Figure 2e and Supplementary
Figure S8 online), making the average duration of each hair
cycle, including telogen, only about 3 weeks in the Fgf18
cKO mice. The finding that telogen is longer in the
heterozygous littermates than in homozygous mice confirms
that the loss of mature FGF18 was responsible for the telogen
shortening, and suggests that the effect may be dose-
dependent. In wild-type mice, the telogen following the first
hair cycle generally lasted 3–5 weeks or more (Figure 2e and
Supplementary Figure S8 online), and the onset time and
location of the next anagen varied among individual mice
and depended on the hair cycle domains within the dorsal
1340 Journal of Investigative Dermatology (2012), Volume 132
M Kimura-Ueki et al.
FGF18 Regulates Hair Cycle Resting Phase
skin (Figure 2c (right) and Figure 3d (right)). Consequently,
the second natural hair cycle was rarely complete before the
age of 90 days (Kawano et al., 2005).
Strikingly, in older Fgf18 cKO mice, after a rapid succession
of hair cycles, follicles in the same phase were aligned so that
they formed a stripe, and the number of stripes increased with
the mouse’s age (Figure 3a and b; the weekly hair growth is
shown for each mouse). We found that the duration of each
hair cycle in these aged mice was 3 weeks in the anterior
region (Figure 3b, use the yellow dotted lines to assess the
phase changes), but was about 4 weeks in the posterior region
(Figure 3b, blue dotted lines). This difference in hair cycle
duration may account for the compacted distance between the
stripes in the aged Fgf18 cKO mice.
Examination of more than 200 plucked club hairs from
three 47-week–old mice in each group revealed that hairs
from aged Fgf18 cKO mice and their heterozygous littermates
were almost equal in length (6.40±0.53 and 6.38±0.65mm,
respectively), and the distribution of each hair type (i.e.
guard, awl, and zigzag) did not differ between the two
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Figure 2. Telogen shortening in Fgf18 conditional knockout (cKO) mice. (a) The telogen phase of the first physiological hair cycle was shorter in
Fgf18 cKO mice (K5Cretg; Fgf18flox/flox) than in their heterozygous littermates (K5Cretg; Fgf18þ /flox). Dorsal hairs of 32-day–old male mice were trimmed
short and photographed, and the mice were kept ad libitum. Once the hairs had regrown, they were photographed at the indicated ages after trimming
the hairs again. The pinkish and blackish blue skin colors are indicative of telogen and anagen, respectively. (b) Early onset of the second hair cycle
anagen in Fgf18 cKO mice. Skin samples collected from an Fgf18 cKO mouse and a C57BL/6 mouse (wild-type) at the indicated ages were formalin-fixed,
embedded in paraffin, sectioned, and stained with hematoxylin. Bars¼50 mm. (c) Dorsal hair growth waves progress smoothly in Fgf18 cKO mice (left).
A new phase of the hair cycle starts in the neck (anterior) region and smoothly progresses posteriorly (the third hair cycle in a 68-day–old male is shown). In wild-
type C57BL/6 mice (right), the location and timing of the onset of the second anagen are more diverse among individuals and depend on the ‘‘hair cycle
domains’’ in each mouse (an 89-day–old male is shown). (d) Telogen shortening and the rapid succession of hair cycles in Fgf18 cKO mice. The hair cycle phases
of the dorsal hair follicles were histologically determined in Fgf18 cKO mice below the age of 30 days. For older mice, the hair cycle phase of the
dorsal hair follicles located about 1 cm posterior to the ear-to-ear line (square in c, left panel) was determined as in a. Hair cycle phase is presented
as either anagen or telogen for simplicity. M, morphogenesis. The tentative number of hair cycles is indicated for discussion. *, The telogens shortened
in the Fgf18 cKO mice. (e) The duration of telogen in Fgf18 cKO mice (the raw data are presented as Supplementary Figure S6 online) is shown. Also shown
are the durations of the telogen (corresponding to the *1) in heterozygous littermates and in wild-type C57BL/6 mice. For each observation, 3–5 cKO mice,
3 heterozygous littermates, and 3 wild-type mice were observed (Supplementary Figure S6 online). Fgf, fibroblast growth factor.
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Figure 3. A strikingly rapid succession of hair cycles results in stripe patterns in Fgf18 conditional knockout (cKO) mice. (a) Characteristic stripe
patterns formed by successive hair growth waves in aged homozygous Fgf18 cKO mice. A representative mouse is shown. Dorsal hairs of a 404-day–old
Fgf18 cKO male mouse were trimmed short, and the mouse was photographed after a week. Consequently, hairy regions represent hair growth during the
prior week, and the whitish regions contain telogen hair follicles. The bluish pigmentation indicates regions containing early anagen hair follicles before
hair shaft outgrowth. The ‘‘hair cycle waves’’ in the dorsal skin of Fgf18 cKO mice progress smoothly posteriorly from the neck region. (b) Characteristic
stripe patterns formed by successive hair growth waves in aged Fgf18 cKO mice. As in (a), dorsal hairs of Fgf18 cKO male mice were trimmed short, and the
mice were kept for 1 week, photographed, and trimmed again. A representative mouse is shown for each age range. Note that the number of stripes in the
examined area increases with the age of the mouse. Use the dotted lines to assess the transition of hair cycle phases in the anterior (yellow) and posterior
(blue) regions. (c) A representative heterozygous Fgf18 cKO (C57BL/6-K5Cretg; Fgf18þ /flox) mouse. (d) A representative C57BL/6 wild-type (wt) mouse.
In the c and d groups, hair cycle progression was regulated in a hair cycle domain-dependent manner. The dotted lines indicate the deduced approximate
borders of the hair cycle domains in these mice. Fgf, fibroblast growth factor.
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groups. The hair follicle morphology of Fgf18 cKO mice
appears to be normal (Supplementary Figure S9 online). Thus,
anagen appears to proceed normally in Fgf18 cKO mice.
Interestingly, neither the appearance of the hair shafts nor the
cycling time gave any indication of stem cell exhaustion in
cKO mice that were 392 days of age (Figure 3b) or older, at
which point each hair follicle had gone through over 18 hair
cycles, on average.
Pharmacological activity of FGF18 in hair cycle regulation
We found contrasting pharmacological effects of FGF18
protein on hair growth in wild-type mice, depending upon
the hair cycle stage of the recipient animal.
In wild-type mice, a single subcutaneous injection of
FGF18 solution during anagen suppressed proliferation
of matrix cells after 24 hours (Supplementary Figure S10a
online), and repetitive injection of FGF18 suppressed
proliferating cell nuclear antigen expression by cells in the
transient portion of hair follicles (Supplementary Figure S10b
online) and hair follicle growth (Supplementary Figure S10c
online). These results are in good agreement with the putative
telogen-maintaining activity of FGF18 deduced from the
phenotype of our Fgf18 cKO mice, and also support the
hypothesis proposed in earlier studies where in vitro gene
expression and cell proliferation were examined (Blanpain
et al., 2004; Greco et al., 2009).
By contrast, using C3H/HeN mice, we previously found
that subcutaneous administration of FGF18-soaked beads
during telogen did not elicit an immediate effect, but after 21
to 57 days, hair growth took place in these mice earlier than
in the control mice that had received phosphate-buffered
saline (Kawano et al., 2005). Here we performed essentially
the same experiments, except that we used FGF18 solution
without beads so as to avoid unnecessary physical stimula-
tion, and evaluated hair growth in a semiquantitative way.
Similar to our earlier observations, we found that hair growth
in the FGF18-injected mice took place after 3 weeks or more,
but a little earlier than in the control mice (Supplementary
Figure S11 online). With repeated experiments, we noted that
the time of the onset of anagen following FGF18 administra-
tion and the significance of difference between the test and
control mice varied substantially. The delay in the induction
of anagen onset by FGF18 suggests that the effect was indirect
(Kawano et al., 2005). We presume that a single sub-
cutaneous injection of FGF18 would disturb a variety of
physiological signaling events in multiple cell types, includ-
ing dermal papilla cells, hair bulge cells, and hair germ cells.
Consequently, the mechanism underlying the delayed
response to FGF18 is currently unclear.
In summary, we conclude that (1) the pharmacological
effect of injected FGF18 on hair growth is affected by the hair
cycle stage of the hair follicles of the recipient animals, and
that (2) while immediate inhibition of anagen progression of
hair follicles by FGF18 is a strong effect, induction of earlier
anagen onset in telogen hair follicles as a delayed response is
a weak one. We suggest that the inhibitory activity on anagen
progression reflects FGF18’s physiological activity to main-
tain telogen.
Control of telogen phase by FGF18 and BMPs
It was recently reported that FGF18 and BMP6 are expressed
in isolated telogen bulge cells, and it was suggested that they
slow keratinocyte growth without inducing terminal differ-
entiation. From these in vitro results, it has been hypothesized
that FGF18 and BMP6 place bulge stem cells in a quiescent
state (Greco et al., 2009). The phenotype of our Fgf18 cKO
mice not only supports this hypothesis, but also demonstrates
for the first time that FGF18 imposes a strong natural
inhibitory signal to the hair follicle stem cells in vivo.
Little was known about the signaling that controls telogen,
although it has been studied in more detail recently. It was
proposed that BMP ligands and their inhibitor, Noggin,
regulate refractory telogen, the early stage of telogen, which
lasts 2–3 weeks (Plikus et al., 2008). Moreover, it was recently
proposed that in telogen hair follicles, macro-environmental
BMP ligands and Wnt antagonists act collectively to keep hair
follicle stem cells in a quiescent state during this refractory
telogen (Plikus et al., 2011). In that model, Wnt signaling is
the key pathway for mediating regenerative coupling
between hair stem cells, and loss of Wnt antagonists during
the competent stage of telogen enables spontaneous, low-
frequency Wnt activity within the dermal papilla, but in order
to stimulate adjacent stem cells and to induce spontaneous
telogen-to-anagen activation events, a probabilistic occur-
rence of large groups of simultaneously Wnt-active dermal
papillae is necessary (Plikus et al., 2011).
We interpret our findings to mean that FGF18 is an important
mediator of both refractory and competent telogen, as each
telogen lasted only about 1 week in Fgf18 cKO mice, less than
the assumed refractory telogen period supported by BMP
signaling. Whereas BMP6 is preferentially expressed in hair
bulge cells along with FGF18 (Blanpain et al., 2004), several
BMPs are expressed in subcutaneous fat (Plikus et al., 2008) and
dermal papilla (Rendl et al., 2008), and act on both hair stem
cells and dermal papilla cells (Plikus et al., 2008). In contrast to
BMPs, FGF18 is dominantly expressed at high levels by bulge
epithelial cells during telogen (Supplementary Figure S2 online).
One recent study showed that Fgf18 mRNA is also expressed in
dermal papilla cells and that its expression level is high during
early telogen, but low during late telogen (Greco et al., 2009).
In that study, the investigators measured the relative fold-change
in Fgf18 mRNA expression within dermal papilla cells between
the early and late telogen phases, but not between the dermal
papilla and bulge cells (Greco et al., 2009). It is therefore
possible that the level of FGF18 within dermal papilla cells is
much lower than that in bulge cells (Figure 1a and Supplemen-
tary Figure S1 and S2 online). Indeed, the same study showed
that Fgf18 is strongly downregulated (239-fold) in hair germ
cells, as compared to bulge cells (Greco et al., 2009; Figure 5),
which is in good agreement with our present observation that
FGF18 is only weakly detected in hair germ cells.
Although we still consider FGF18 to be an important
mediator of both refractory and competent telogen, its
activity to maintain telogen may be weaker in the competent
telogen phase, as the Fgf18 mRNA level in full-thickness skin
was highest in early telogen (Figure 1c; 92 days old) and then
gradually declined in late telogen (98 days old and later).
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Consistent with this interpretation is our observation that
heterozygous cKO mice, in which the Fgf18 mRNA level is
assumed to be half that in wild-type mice, appeared to show
a slightly shorter (although not significant) telogen than wild-
type mice (Figure 2e). This suggests control of telogen
duration is a dose-dependent activity of FGF18. Therefore,
in the context of the inhibitory factors expressed differentially
between the refractory and competent telogen phases, FGF18
and BMPs may share some characteristics.
BMPs are reportedly essential for hair follicle morphogen-
esis (Millar, 2002) and hair shaft differentiation (Yuhki et al.,
2004). The absence of FGF18 does not result in abnormal hair
follicle morphology (Supplementary Figure S9 online). Thus,
signaling by FGF18 and BMPs controls telogen and hair
growth in temporally and spatially different ways, although
they share several characteristics as inhibitory factors.
Involvement of FGF family members in telogen–anagen
regulation
With respect to the involvement of other FGF family members
in telogen–anagen regulation, the anagen-promoting effects
of FGF7 and FGF10 (Greco et al., 2009) are very different
from the telogen-maintaining and anagen-inhibiting activity
of FGF18. In contrast to FGF18, which activates FGFR3c and
FGFR4, both FGF7 and FGF10 activate FGFR2b (Zhang et al.,
2006), an epithelial-specific FGF receptor subtype. While
signaling through FGFR2b results in epithelial cell prolifera-
tion, signaling through FGFR3c and FGFR4 induces a
complex phenotype that is sometimes inhibitory. For
example, FGFR3 signaling suppresses chondrocyte prolifera-
tion and hypertrophic differentiation during late embryonic
and postnatal skeletal growth (Ornitz and Marie, 2002;
Goldring et al., 2006), whereas during early skeletal
development, FGFR3 exerts a mitogenic effect on chondro-
cytes and inhibits hypertrophic differentiation (Iwata et al.,
2000). This probably explains why the biological effects of
FGF18 and FGF7/FGF10 differ significantly.
In the context of anagen induction by club hair plucking,
which is a widely used technique in hair cycle studies, we
found that 92% of FGF18-expressing cells in telogen follicles
were removed by club hair plucking (Figure 1e). This
observation is consistent with the localization of FGF18-
positive cells identified in this study and with the findings of
an earlier study (Ito et al., 2004, Ohyama et al., 2006, Hsu
et al., 2011). We interpret our findings to mean that it is the
loss of FGF18, which is expressed strongly in bulge cells but
weakly in secondary hair germ cells (Greco et al., 2009), that
causes the onset of anagen.
Finally, our results suggest possibilities for the study of
new alopecia therapies for use in humans.
MATERIALS AND METHODS
Animals
C3H/HeN (Japan SLC, Shizuoka, Japan), C57BL/6 (Japan SLC), ICR
(Japan SLC), and transgenic/gene knockout mice were used in this study.
All animals received humane care, and all experimental protocols were
approved by the Animal Experiment Committee of National Institute of
Advanced Industrial Science and Technology (AIST).
Reagents
Recombinant human FGF18 protein was purchased from Wako Pure
Chemical Industries (Osaka, Japan).
Hair cycle manipulation and gene expression profiling
Only male mice were used for hair cycle observation, with the
exception of embryo and newborn mice (28 days old and younger).
Induction of anagen by club hair plucking, isolation, and purification
of mRNA from mouse skin, and quantification of mRNA copy
numbers were conducted as described previously (Kawano et al.,
2004, 2005).
Fgf18 conditional knockout mice
Generation of Fgf18 conditional knockout mice was partly
conducted by Dr Akira Shiota at PhenixBio (Tochigi, Japan) with
the approval of the animal experiment committee of the company.
An Fgf18 targeting vector containing the loxP-FRT-[PGK-Neor]-FRT-
Exon3-loxP sequence was introduced into 129 embryonic stem cells,
which were injected into C57BL/6 mouse blastocysts, which were
then introduced into ICR mice to generate F1 chimeric mice. The
Neor cassette was removed by breeding the F1 chimeric mice with
FLPe transgenic mice (Kanki et al., 2006; RIKEN RBRC01834) to
yield F2 mice. The F2 mice were bred with K5Cre transgenic mice
(Tarutani et al., 1997) (B6;C3-Tg(cre), CARD ID323) to generate
heterozygous conditional knockout mice (C57BL/6-K5Cretg;
Fgf18þ /flox), in which floxed exon 3 of Fgf18 gene was deleted
where the keratin 5 promoter was active. With further breed-
ing, homozygous conditional knockout mice (C57BL/6-K5Cretg;
Fgf18flox/flox) were obtained. These mice were referred to as Fgf18
conditional knockout mice and examined in this study. These mice
are deposited to RIKEN BioResource Center (Tsukuba, Japan) as
STOCK Tg(KRT5-cre)1Tak Fgf18otm1Tri4. Note that a mature
FGF18 protein is depleted by our knockout strategy.
Immunohistochemical studies
Immunohistochemical studies were performed as described pre-
viously (Kawano et al., 2005), using antibodies and conditions
listed in the Supplementary Table S1 online.
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